The paper presents application of Particle Image Velocimetry for determination of an airfoil's drag coefficient in wind tunnel tests. The purpose of the study was to investigate the feasibility of using PIV as an alternative to pressure rake measurements, especially at high angles of attack. The integral momentum concept was applied for determination of fluid drag from experimental low speed wind tunnel data. The drag coefficient was calculated from velocity and pressure rake data for intermediate angles of attack from 5° to 10°. Additionally, the experimental results were compared to panel method results. After validating the procedures at low angles of attack, the drag coefficient was calculated at close to critical angles of attack. The presented study proved that PIV technique can be considered as an attractive alternative for drag coefficient determination of an airfoil.
INTRODUCTION
Currently, optical techniques have been more extensively used in wind tunnel testing for the determination of pressure distribution [1] , aerodynamic loads [2] of whole models and its individual components, or deformations and displacements [3] . The non-intrusive characteristics of the measurement make optical techniques particularly suitable for investigation of aerodynamic loads in cases where pressure or strain-gage measurements are not possible i.e. living organism investigation [4] [5] . The force balance is not a very accurate measurement technique at low Reynolds number due to small loads, or in cases where flow control is applied, due to wires and cables powering the actuators. Therefore, optical techniques like Particle Image Velocimetry or Pressure Sensitive Paints have now gained attention as methods for determination of aerodynamic loads of whole models and individual parts of wind tunnel models.
Typically, in cases where aerodynamic balance cannot be applied in wind tunnel tests, determination of the drag is performed by wake analysis with the use a of pressure rake. The methodology of the data reduction requires that the entire wake and freestream region be encompassed within the pressure rake dimensions. This can be easily fulfilled at low angles of attack where the decreased momentum region does not greatly exceed the airfoil thickness. Unfortunately, for high angles of attack the wake can be wider than the pressure rake. Moreover, in order to achieve high accuracy in the drag determination, high spatial resolution of the pressure measurement points is required. In the cases of high angle of attack studies or investigations of airfoils with high-lift surfaces (flaps, slots) there is a necessity for long rakes with large number of total pressure measurement points and usage of multiple multichannel pressure scanners. An alternative approach is to calculate the loss of momentum from velocity data. The Particle Image Velocimetry technique provides high resolution instantaneous velocity fields. This makes the PIV data suitable for determination of aerodynamic loads by use of the integral momentum concept to compute the aerodynamic forces [6] . Although the feasibility of application of the pressure rake analysis for determination of drag at low angles of attack was shown [7] [8], the feasibility of the application for high angles of attack was not investigated.
In this paper we present a feasibility study of PIV technique application for drag coefficient determination of an airfoil at angles near the critical AoA. The flow field downstream of an airfoil was investigated in a low speed wind tunnel by PIV and pressure rake analyses. The drag coefficient for low AoA was determined from pressure and velocity data and the drag coefficients for high angles of attack were determined by velocity data.
MATERIALS AND METHODS
In presented studies, a low speed wind tunnel was used to complete these experiments [9] . Pressure rake and Particle Image Velocimetry [10] techniques were used for determination of an airfoil's drag by wake survey at intermediate angles of attack: 5°, 6°, 7° and 10°. The experimental setup allowed for simultaneous measurements of momentum loss in the wake by PIV and pressure rake. The pressure and velocity data were used for determination of drag coefficients by use of the integral momentum concept. Due to large width of the wake at high angles of attack (>30°) the pressure rake was not applicable. Therefore, drag calculated at angles close to airfoil's critical angle of attack were only determined by the PIV method. The experimental data was compared with panel method results.
Data reduction
The drag coefficient was calculated from pressures collected by the pressure rake and the velocities measured by PIV. The data reduction procedure is described below. Additionally, theoretical calculations using the panel method were performed using open access software.
The pressure rake contained 32 pressure sensors, 26 collected the total pressure and 6 collected the static pressure. From the obtained data, the static pressure was averaged and used to calculate the dynamic pressure using equation 1 below:
where P 0 is the total pressure, P is the average static pressure, and q is the dynamic pressure.
The freestream dynamic pressure was calculated using equation 2 below,
where q ∞ is the freestream dynamic pressure, ρ is the density, and V ∞ is the freestream velocity.
Equation 3 below [9] was used to calculate the drag coefficient from the dynamic pressures. MAT-LAB was used to compute the integration. The trapz function was used by approximating the region under the curve as a trapezoid. The calculation of the total area is the drag coefficient,
where y is the spanwise wake coordinate and c is the airfoil chord.
The integration bounds were determined by finding the minimum point in the wake profile, then finding the maximum points on each side of the minimum. The two maximum points were used as the bounds of integration. This technique was used to nullify invalid areas of the wake profile that would otherwise distort the results. The drag coefficients were calculated for each time instance then averaged to find the drag coefficient for the airfoil.
The second method involved using the Particle Image Velocimetry technique to obtain velocity profiles of the wake. An adaptive PIV [11] algorithm was used to obtain the instantaneous velocity fields from raw particle data. The velocity vector fields were created from a post-processing PIV program and used to determine the momentum loss in the wake. A virtual line, perpendicular to the wake, was created and used to select the velocity vectors that would be analyzed. This method is comparable to using a pressure wake, except the virtual line measures velocity data instead of pressure data. After selecting the velocity vectors across the wake, the loss of momentum D was calculated using equation 4 below,
where U is the local velocity and U ∞ is the freestream velocity. The bounds of integration were determined using the method previously described. After the drag was calculated, the drag coefficient was found using equation 5 below which is a variation of the drag equation.
The third method involved using a 2D panel method to calculate theoretical data for comparison and validation. XFLR5 [12] was used to complete the computations. The airfoil coordinates, air density, freestream velocity, and Reynolds number were all inputted into the program which yielded the theoretical drag at various angles of attack. The theoretical data, provided good benchmarking data which was similar to the results obtained.
Experimental setup
The investigation was performed in a T-1 wind tunnel at the Institute of Aviation in Warsaw. It is a closed circuit, open test section wind tunnel, powered by a 55 kW electric motor and a 4-blade constant-speed fan. Test section diameter is 1.50 m. The maximum airflow velocity in this wind tunnel is 40 m/s and the minimum steady velocity of the air-flow is about 11 m/s. The ILM200 airfoil
which had a relative thickness of 20% was used in the investigations. The chord was 0,5 m and the span of the segment was 1 m. The experimental setup is presented in Figure 1 .
The pressures were acquired with the use of an ESP scanner of the DTC Initium system. The measurement range of the scanner was up to 2500 Pa (10" H 2 O). The measurement frequency of the system was 331 Hz. There was 32 pressure measurement points on the rake with 4 mm spacing in the middle section of 26 points, increasing spacing from 8 through 12, and 20 mm in the outer sections. The PIV system consisted of a dual-cavity, solid-state, (Nd:YAG) pulse laser and 4 MP digital camera. The Canon EF 85 mm f 1:1.2 lenses were used. The lightsheet was formed by a set of cylindrical lenses. The seeding was produced by a seeding generator from DEHC oil. The temporal resolution of the measurements was set to the maximum value of 7 Hz. In order to measure velocities in a range 1 m/s to 50 m/s, the time delay between illumination pulses was set to 70 µs. Multiple measurements (>80) were taken at each investigated angle of attack. An instantaneous velocity field of the wake of the airfoil at an angle of attack 5° is presented in Figure 2 . A velocity field downstream of the trailing edge at an angle of attack 31° is presented in Figure 3 . 
RESULTS

Fig. 4.
Average wake profiles from PIV and pressure rake for AoA = 5°F ig. 5. Average wake profiles from PIV and pressure rake for AoA = 7°Th e results obtained from the three different methods all yielded similar results. Figures 4, 5 , and 6 show the average wake profiles at various angles of attack. One can notice that the PIV data has a higher resolution. Figure 7 below shows the drag coefficients for low angles of attack calculated using the three different methods: PIV, pressure rake, and the theoretical panel method. The pressure drop in the wakes at high angles of attack are presented in Figure 8 . The drag coefficients calculated for low and high angles of attack are presented in Figure 9 . One can notice that as the angle of attack increases, the uncertainty also increases. This is caused by large fluctuations of the pressure in the wake at close to critical angles of attack before full separation (airfoil stall). 
CONCLUSIONS
Particle Image Velocimetry measurements are an attractive alternative to a conventional pressure rake because of its noninvasiveness. PIV is a very versatile technique because of its ability to be used in a wide range of environments, even those that include very large or very small test areas. For example, an airfoil at a high angle of attack produces a very large wake that a pressure rake may not be able to accommodate, so the PIV technique is an appealing solution.
In the presented paper, the average wake profiles and drag coefficients were compared using PIV and a pressure rake at low angles of attack. The wake profiles were nearly identical, except the pressure wakes were slightly shifted upwards. The momentum loss, measured by both PIV and the pressure rake, was used for calculation of the airfoil's drag coefficients at intermediate angles of attack. The panel method was used to validate the results obtained by the pressure rake and PIV. After validating the PIV method for intermediate angles of attack, the developed procedure was used to analyze wakes at high angles of attack.
WYZNACZANIE OPORU PROFILU LOTNICZEGO DLA DUŻYCH KĄTÓW NATARCIA Z DANYCH POMIAROWYCH UZYSKANYCH METODĄ ANEMOMETRII OBRAZOWEJ Streszczenie
W artykule przedstawiono zastosowanie metody anemometrii obrazowej (PIV) do wyznaczenia współczynnika oporu profilu lotniczego. Celem badań było sprawdzenie możliwości zastosowania metody PIV jako alternatywy do pomiarów ciśnieniowych za pomocą sondy grzebieniowej, w szczególności dla dużych kątów natarcia. Opór profilu wyznaczono poprzez określenie straty pędu w śladzie z danych uzyskanych w eksperymentalnych badaniach tunelowych. Współczynnik oporu wyznaczono dla katów natarcia od 5° do 10° przy wykorzystaniu danych ciśnieniowych oraz pręd-kości uzyskanych metodą anemometrii obrazowej. Dodatkowo wyniki uzyskane z danych eksperymentalnych porównano z wynikami uznanymi metodą panelową. Po walidacji procedur dla średnich katów natarcia metodykę zastosowano do wyznaczenia współczynników oporu dla kątów natarcia bliskich krytycznemu kątowi natarcia profilu. Przedstawione badania potwierdziły skuteczność zastosowania metody anemometrii obrazowej, jako alternatywy pomiarów ciśnieniowych, do wyznaczenia oporu profilu lotniczego w badaniach tunelowych.
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